Vertebrate rhodopsin promoters exhibit striking sequence identities proximal to the initiation site, suggesting that conserved transcription factors regulate rhodopsin expression in these animals. We identify and characterize two transcriptional activators of the Xenopus rhodopsin gene: homologs of the mammalian Crx and Nrl transcription factors, XOtx5
Expression constructs. Full length expression constructs for pcDNA-Crx (human) and pMT3-Nrl (human) were obtained from S. Chen and A. Swaroop respectively, and have been described previously (24, 30) . The pCSII-XOtx5b full length expression construct was obtained from A. Viczian and has been described previously (34) . The XL-maf coding region was produced by RT-PCR (see below) and the resulting PCR product was cloned into pBluescript using the engineered BamHI and EcoRI sites. This construct was then digested with SpeI and EcoRI and the XL-maf coding region was moved into the pMT3 vector that had been modified with adapters (5'-AATTAACTAGTCTGGAATT-CAT -3'top and 5' TCGAATGAATTCCAGACTAGTT-3' bot). XMafB was amplified from cDNA prepared from stage 38 Xenopus embryo heads (see below) and cloned into the modified pMT vector.
Promoter constructs. The XOP-GFP reporter construct contains the Xenopus rhodopsin promoter -508/+41 (XOP), driving expression of GFP. The luciferase reporter construct, XOP-GL2, contains XOP (-503/+41) driving expression of luciferase. The XOP deletion constructs contained the full length XOP promoter with targeted disruption of specific elements (∆Ret1, ∆−136 to -122; ∆BAT, ∆-107 to -91; ∆NRE, ∆-84 to -58), driving expression of luciferase. All reporter constructs were described previously (23) . In situ hybridizations. The XL-maf/pBluescriptII clone was digested with either EcoRI or SpeI and the linearized DNA was used to produce sense and antisense Dig labeled probes (Roche, Indianapolis, IN) using T3 and T7 polymerases respectively. In situ hybridization was performed on sections of stage 48 Xenopus tadpoles and adult Xenopus eyes as described (44) , except that the digoxygen labeled probe was hybridized for 2 days at 65ºC.
Embryo Transfections. Embryo transfections were performed as described previously (23) except that DOTAP (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-triethylammonium methylsulfate was used for all transfections (Roche, Indianapolis, IN). 2.5 µg of XOP-GL was used per transfection and 2.5 µg of each transcription factor plasmid was used as well, with empty pMT plasmid included when necessary to bring total DNA up to 7.5 µg.
The DNA to lipid ratio was 1:3.
Transgenic Xenopus. Transgenic animals were produced using standard REMI (restriction enzyme-mediated integration (45, 46) , with the following modifications: pCSII+-Otx5b was linearized with SalI, XL-maf-PMT and empty pMT3 were linearized with AvrII, XOP-GFP was linearized with XhoI (New England Biolabs, Beverly, MA). The REMI reaction for each combination included 0.15 units of each restriction enzyme, 400ng of XOP-GFP reporter, 100ng of CSII-XOtx5b or XL-maf-PMT, and when neces-sary, empty pMT3 vector to bring total DNA up to 600 ng/~10 4 sperm nuclei. REMI reactions contained 5 µl of egg extract and frozen rather than fresh sperm were used (47).
GFP expression was followed for five days of development by using fluorescence microscopy of live animals. Images were produced using a SPOT CCD camera (Diagnostic Instruments, Inc., McHenry, IL) and Adobe Photoshop (Adobe, San Jose, CA).
RT-PCR for GFP and endogenous rhodopsin. RNA was isolated from the tails of 2 day old tadpoles positive for GFP expression for the treatments: XOP + XL-maf, XOP + XOtx5, and XOP + XL-maf + XOtx5. Five GFP positive animals from each treatment were analyzed. Three animals from the group injected with XOP + empty pMT vector were also analyzed. RNA was also prepared from one 6 day old XOP positive tadpole (entire embryo, including the eye) as a positive control for both GFP and rhodopsin.
RNA was reverse transcribed with random hexamers and SuperScriptII RT polymerase sec at 55°C, and 45 sec at 72°C, and a final extension of 3 min at 72°C.
RESULTS

XOtx5 activates the Xenopus rhodopsin promoter
Recent studies suggest that Crx represents a divergent branch of the Otx5 family based on both phylogeny ( (28, 29, 48) , and supplementary materials) and embryonic expression patterns (28, 35, 49) . Xenopus laevis contains two paralogous Otx5 genes (29) which are expressed in photoreceptors and bipolar cells in embryonic retina (28, 35, 49) .
To determine if XOtx5 functions similarly to mammalian Crx, we tested the ability of XOtx5 to activate Xenopus rhodopsin. In 293 cells, the XOP-GL2 directed very weak expression of a luciferase reporter (~3 fold over a promoter-less control, data not shown),
as expected from the in vivo cell-specificity. When an XOtx5 expression construct was included in the transfection, significant stimulation (~10 fold over XOP-GL2 alone) of transcriptional activity was observed ( Fig. 1A and C) . In transfections in which the XOP-GL2 reporter was increased, an even greater increase in transcriptional activity was observed (Fig. 1B) . This magnitude of activation is similar to that seen in transfections with a mammalian promoter and Crx (24) . A key feature of the Crx transcription factor is the synergistic activation of a mammalian rhodopsin promoter in the presence of Nrl.
Co-transfections of 293 cells with plasmids harboring XOtx5 and human Nrl resulted in an activation of over 100 fold ( Fig. 1C) (Note: Nrl alone only activates the Xenopus promoter ~17 fold see Fig. 5A ). This synergistic activation with XOtx5, although slightly lower in combination with human Nrl, is comparable to the activation of the mammalian promoter (24) and Xenopus rhodopsin promoter ( Fig. 1C) with Crx. These results confirm the earlier phylogenetic results and indicate that XOtx5 has the same function as mammalian Crx in transcription assays.
XL-Nrl activates the Xenopus rhodopsin promoter
We aligned 23 large maf amino acid sequences and used this alignment for phylogenetic analysis. There were 485 amino acids, 157 characters were constant, 65 variable characters were parsimony-uninformative and 264 were parsimony-informative.
Phylogenetic trees were constructed using neighbor-joining (NP), maximum parsimony (MP) and maximum-likelihood (ML). The most parsimonious tree had parameters: length = 989 consistency index (CI) = 0.8534 and retention index (RI) = 0.8861. The maximum-likelihood tree length was ln L= -6333.09. Both Xenopus laevis and tropicalis L-maf were found with mammalian Nrl in all three tree reconstructions supported by high bootstrap values (99-100%), demonstrating that they form a distinct subgroup of large maf proteins, separate from chicken L-maf ( Fig. 2 and supplementary materials) . In addition, the Xenopus proteins did not contain the region of histidine repeats found in the other large mafs ((31) and supplementary materials). These results suggested that XLmaf could be the amphibian counterpart to mammalian Nrl. In fact, previous work showed that XL-maf is expressed in the differentiating retina (as well as prominent expression in the developing lens) at early stages, while later stages of development were not examined (36 Whole mount in situ hybridizations on stage 34 Xenopus embryos, using a full length digoxigen labeled RNA probe revealed prominent lens expression, confirming the early lens expression previously described (36) (data not shown). To determine the XLmaf expression pattern in young tadpole and adult retina, we performed in situ hybridization on sections. XL-maf RNA was found only in the photoreceptor layer (Fig. 3A,C) , and no signal was detected with the sense probe (Fig. 3B, D) . The RNA was clearly present in rods, however we could not exclude expression in some cones. These results together with the phylogenetic analysis suggest that XL-maf is the Xenopus homolog of Nrl. We therefore suggest renaming XL-maf to XL-Nrl (Xenopus Lens and Neural retinal leucine zipper) to emphasize both the unique early lens expression (36) and the conservation with Nrl. We will hereafter refer to XL-maf as XL-Nrl.
We tested the ability of XL-Nrl to activate rhodopsin transcription, an important function of mammalian Nrl. In transfected 293 cells, we found significant stimulation of Xenopus opsin promoter transcription by XL-Nrl (~27 fold over XOP-luciferase alone) (Fig. 1A,D) . Up to ~40 fold increase in promoter activation with a given amount of XLNrl plasmid was observed after increasing the amount of XOP-luciferase reporter (Fig.   1B ). Co-transfections including either XL-Nrl/ XOtx5 or XL-Nrl/human Crx exhibited remarkably similar synergistic activation of ~150 fold (Fig. 1D) .
Specificity of Synergy
Since Otx family proteins have very similar homeodomains (24), we investigated the specificity of synergy by performing transfections with another Otx protein, XOtx2.
In transfected 293 cells XOtx2 was able to activate the rhodopsin promoter to similar levels as XOtx5 (Fig. 4A) . XOtx2 was also able to synergistically activate the Xenopus rhodopsin promoter together with human Nrl. These results suggest that XOtx2, which shares ~75% overall identity with XOtx5, has enough structural similarity to interact with Nrl and produce the synergistic activation. On the other hand, XMafB, a large maf protein with ~47% identity to XL-Nrl, was able to activate the rhodopsin promoter similarly to XL-Nrl when transfected alone, but showed reduced activation in combination with human Crx (Fig. 4B ).
Cis-elements in the Xenopus rhodopsin promoter
We investigated whether putative cis-elements in the rhodopsin promoter were targets for XOtx5 or XL-Nrl. We focused on three elements in the Xenopus promoter: 
Activation of the XOP promoter in transfected Xenopus embryos
The previous experiments demonstrate that these transcription factors are able to activate rhodopsin expression in a human embryonic kidney cell line. To determine if
Nrl and Crx are able to activate the rhodopsin promoter in embryos, we performed transfections of Xenopus embryonic heads and trunks. In previous experiments (23) 
XL-Nrl and XOtx5 activate XOP in transgenic animals
In order to examine whether these transcription factors were able to activate expression in a chromatin environment, transgenic animals were made and analyzed. We have previously shown that the proximal XOP reporter can direct eye and pineal specific expression of GFP in transgenic animals at stage ~40 (53), when initiation of endogenous rhodopsin expression begins. In a small fraction of animals transgenic with wild type XOP, GFP expression can be seen in areas outside of the eye. These embryos are usually deformed and represent expression seen due to integration site.
In contrast, when transgenic animals were produced using either XL-Nrl and XOtx5 in addition to the XOP GFP reporter construct, we observed a dramatically different spatial and temporal expression pattern of the reporter (Table 1) . Expression in many animals began at the early neurulation stages. Subsequently, we observed 5-10 times more animals expressing GFP earlier and outside of the eye than we did in the controls (XOP-GFP and empty pMT vector), indicating that XL-Nrl and XOtx5 are able to stimulate expression from the integrated XOP promoter (Fig. 7A-D) . Similar results were obtained with the both Nrl and Crx (Table 1 and supplementary materials). There was a slight increase in the percentage of early GFP expressing animals when both Nrl and Crx were used together, compared to either construct alone (Table 1) . However, GFP expression levels did not appear to be synergistically elevated as found in 293 transfections (supplementary materials).
To determine if early presence of these transcription factors is able to activate endogenous rhodopsin, bodies of 2 day old GFP positive transgenic embryos (made with XL-Nrl, XOtx5 or both) were subjected to RT PCR with primers for Xenopus rhodopsin.
Control GFP primers produced two GFP specific bands varying in size by only a few base pairs (Fig. 8, top panel) , and one non-specific amplification product which was also observed in animals that had been made with pMT only (data not shown). Out of fifteen transgenic animals, two showed a band corresponding to the expected rhodopsin product (Fig. 8, bottom panel) . pMT controls did not show any ectopic rhodopsin expression.
These results indicate that the presence of XL-Nrl, at least, is able to activate low levels of the endogenous rhodopsin gene in some animals. (10) and β-PDE- (9)). Moreover, zebrafish Crx (which groups phylogenetically with Fugu Otx5 and as a paralog of zebrafish Otx5) is able to activate a mammalian rhodopsin promoter in the presence of Nrl (albeit to a lesser extent than Crx) (54) . All of these experiments indicate that the regulation of retina specific genes share some conserved features between vertebrates. Taken together with phylogenetic studies and analysis of expression patterns, these experiments provide convincing evidence that Otx5 is involved in rhodopsin regulation in a manner similar to mammalian Crx (28, 29, 34, 48, 49) . Experiments in this report show this conservation functionally for the first time using a nonmammalian promoter.
Discussion
Crx proteins in mammals are highly divergent members of the vertebrate Otx5 homeobox gene class (28, 29, 48) . It has been argued that a gene duplication event occurred early in the evolutionary history of these genes allowing for a relaxation of evolutionary constraints in the regulatory and coding regions (29) . Several phylogenetic stud- The observation that Crx transactivation of the Xenopus rhodopsin promoter was not significantly reduced when either Ret-1 or BAT-1 were deleted could be explained in several different ways. One simple model is that Crx/Otx5 binding sites are redundant, as has been previously suggested (23) . However redundancy of Crx/Otx5 binding sites can not explain the increase in activity stimulated by Nrl/XL-maf when these sites are deleted. Furthermore, the synergistic activity of Nrl/XL-maf and Crx/Otx5 increased slightly when BAT-1 was deleted and increased dramatically when Ret-1 was deleted.
These results suggest a role for these sites in negative regulation of the rhodopsin gene.
We have previously shown that in Xenopus head transfections deletion of the Ret-1 element caused a similar increase in activity demonstrating that this negative regulation is 
